1. Introduction {#s0005}
===============

Osteoporosis is a common disease characterized by systemic impairment of bone mass, strength, and microarchitecture, thereby increasing bone fragility [@bb0005]. In the Chiba bone survey [@bb0010], a logistic regression analysis revealed that bone fracture was closely associated with not only low bone mass but also age, fall, family histories of kyphosis and hip fracture, type 2 diabetes mellitus (T2DM), kidney disease, menopause, as well as lifestyle factors of dieting, exercise and alcohol.

Several studies have shown that T2DM is associated with an increased fracture risk without reduction of bone mineral density (BMD) [@bb0015], [@bb0020], [@bb0025], [@bb0030]. This paradox between higher BMD and increased fracture risk in T2DM may be explained by poor bone quality. Endo et al. [@bb0035] reported that serum 7-ketocholesterol (7KCHO) was significantly higher in subjects with T2DM (*n* = 137, 33.8 ng/ml) compared to non-diabetic healthy subjects (*n* = 89, 16.1 ng/ml). We also have reported that 7KCHO has an apoptosis-inducing effect on vascular smooth muscle cells [@bb0040], [@bb0045], [@bb0050]. 7KCHO is a naturally occurring cholesterol oxide formed by auto-oxidation of cholesterol and cholesterol-fatty acid esters [@bb0055]. This oxysterol is known to be highly inflammatory both in vitro [@bb0060], [@bb0065] and in vivo [@bb0070]. Its inflammatory and cytotoxic properties have been implicated in the pathogenesis of numerous aging-related diseases [@bb0070] including atherosclerosis [@bb0060], [@bb0075], [@bb0080], Alzheimer\'s disease [@bb0065], [@bb0085], cancer [@bb0090], Parkinson\'s disease [@bb0085] and age-related macular degeneration [@bb0085], [@bb0095].

However, there is so far no evidence regarding the effect of 7KCHO on osteoporosis. This study was conducted to determine the influence of 7KCHO on the osteoblastic cell line MC3T3-E1 in the absence or presence of the antioxidant *N*-acetylcysteine (NAC), an acetylated amino acid and a precursor of glutathione. Furthermore, we investigated the effect of 7KCHO on endoplasmic reticulum (ER) stress in MC3T3-E1 cells.

2. Materials and methods {#s0010}
========================

2.1. Cell culture and reagents {#s0015}
------------------------------

Mouse monoclonal osteoblastic cell line MC3T3-E1 derived from newborn mouse calvaria was obtained from RIKEN Cell Bank (Tsukuba, Japan). The cells were cultured in a growth medium of α-minimum essential medium (α-MEM) (Gibco, Grand Island, USA) supplemented with 10% fetal bovine serum (FBS), 100 mg/dl glucose and antibiotics (100 U/ml of penicillin G and 100 mg/ml of streptomycin) at 37 °C in a humidified atmosphere of 5% CO~2~, and were maintained at 90--95% confluence unless otherwise indicated. Then cells were pre-incubated overnight with or without different concentrations (2.5 or 5.0 mM) of NAC, followed by incubation with different concentrations (0, 12.5, 25 and 50 μM) of 7KCHO for defined times. Each experiment repeated at least three times, and data are the results of three independent experiments.

2.2. Cell viability assay {#s0020}
-------------------------

The viability of MC3T3-E1 cells treated with different concentrations of 7KCHO was determined using a WST-8 cell counting kit (Dojindo Laboratories, Kumamoto, Japan). The cells were seeded in triplicate into 24-well plates at a density of 1.0 × 10^4^ cells per well. After reaching confluence, the medium was removed, and the cells were incubated for 24 h in α-MEM/10% FBS containing different concentrations (0, 12.5, 25 and 50 μM) of 7KCHO. Then, the medium in each well was replaced with 1000 μl of α-MEM/0% FBS, and 100 μl of a working solution of WST-8 was added. After incubation for 1 h at 37 °C in a humidified atmosphere of 5% CO~2~, 100 μl of the medium was transferred to a well of a 96-well plate and absorbance was measured at 450 nm using a micro-spectrophotometer (GloMax Multi Detection System; Promega BioSystems Sunnyvale, Sunnyvale, CA, USA). The percentage of viable cells was calculated by comparison to that of control well.

2.3. Detection of reactive oxygen species (ROS) production {#s0025}
----------------------------------------------------------

After culture in 6-well plates under varying experimental conditions, cells were incubated with 3 μM 2′,7′-dichorodihydrofluorescein diacetate (Invitrogen Corp. Carlsbad, CA, USA) for 30 min. After incubation, cells were washed with phosphate buffered saline (PBS), trypsinized, and resuspended in PBS solution. Then, samples were run on a Becton Dickinson FACScalibur (Immunocytometry Systems, San Jose, CA, USA) equipped with a 15 mW, 488 nm argon laser and filter configuration. Cell samples (20,000 cells) were analyzed using Cell Quest Pro software (BD Biosciences).

2.4. Analysis of apoptosis {#s0030}
--------------------------

After culture in 6-well plates under varying experimental conditions, cellular DNA was quantitated using Sigma-Aldrich propidium iodide staining solution. Cells were trypsinized, washed with PBS and fixed with cold 70% ethanol. The fixed cells were treated with 0.01% RNase (10 mg/ml, Sigma, St. Louis, MO, USA) for 10 min at 37 °C and then stained with 0.05% propidium iodide for 20 min in the dark. Cell cycle distribution was determined using a Becton Dickinson FACScalibur, and the percentage of cells in sub G0/G1 phase was determined.

MC3T3-E1 cells incubated in 96-well plates were washed twice with PBS, and caspase-3/7 activity was determined using the Caspase-Glo® 3/7 Assay (Promega, Fitchburg, WI, USA) according to the manufacturer\'s protocol. Caspase-3/7 activity was corrected for mean cell number calculated for each group.

2.5. Reverse transcriptase polymerase chain reaction {#s0035}
----------------------------------------------------

Total cellular RNA was extracted from MC3T3-E1 cells using an RNeasy kit (Qiagen, Courtaboeuf, France), and complementary DNA was synthesized using a reverse transcription PCR kit (TaKaRa, Tokyo, Japan) according to the manufacturer\'s instructions. The RNA concentrations were determined by measuring absorbance at 260 nm. Then, reverse transcription PCR was performed using 2 μg of reverse transcribed total RNA. Expression of the housekeeping gene 18S was used as an internal standard. CHOP and GRP78 levels were detected using primers for CHOP (sense 5′-AATAACAGCCGGAACCTGAGGA-3′, antisense 5′-ACTCAGCTGCCATGACTGCAC-3′), GRP 78 (sense 5′-GAACACTGTGGTACCCACCAAGAA-3′, antisense 5′-TCCAGTCAGATCAAATGTACCCAGA-3′), and 18S (sense 5′-TTCTGGCCAACGGTCTAGACAAC-3′, antisense 5′-CCAGTGGTCTTGGTGTGCTGA-3′). Polymerase chain reaction was run on a Stratagene Mx3005P (Agilent Technologies, Santa Clara, CA, USA).

2.6. Statistical analysis {#s0040}
-------------------------

All data are expressed as mean ± standard deviation (SD). Statistical analyses were performed using SPSS software (version 11.5, Chicago, IL, USA). Treatment effects were evaluated using one-way ANOVA followed by Bonferroni multiple comparison test or Student\'s *t*-test, and *p* values \< 0.05 were considered significant.

3. Results {#s0045}
==========

3.1. Effects of 7KCHO on MC3T3-E1 cell viability {#s0050}
------------------------------------------------

[Fig. 1](#f0005){ref-type="fig"} shows cell viability of MC3T3-E1 cells at 24 h after the addition of 7KCHO (0, 12.5, 25 or 50 μM). Addition of 7KCHO significantly reduced viability of MC3T3-E1 cells in a dose-dependent manner.

3.2. Effect of 7KCHO on intracellular ROS production in MC3T3-E1 cells with or without NAC {#s0055}
------------------------------------------------------------------------------------------

The histograms in [Fig. 2](#f0010){ref-type="fig"} show intracellular ROS production of MC3T3-E1 cells at 24 h after the addition of 7KCHO (12.5, 25 or 50 μM). Addition of 7KCHO caused an increase in intracellular ROS production in a dose-dependent manner, as indicated by a progressive rightward shift of the histogram from control with increasing 7KCHO concentration ([Fig. 2](#f0010){ref-type="fig"}A). Pre-incubation of the cells with NAC (5.0 mM) suppressed ROS production induced by 7KCHO ([Fig. 2](#f0010){ref-type="fig"}B).

3.3. Effect of 7KCHO on caspase activity in MC3T3-E1 cells with or without NAC {#s0060}
------------------------------------------------------------------------------

A luminescent assay was performed to measure caspase-3/7 activity. The addition of 7KCHO (50 μM) significantly increased caspase-3/7 activity ([Fig. 3](#f0015){ref-type="fig"}A). Pre-incubation of the cells with NAC (5.0 mM) significantly suppressed the caspase-3/7 activity upregulated by 7KCHO ([Fig. 3](#f0015){ref-type="fig"}B).

3.4. Effects of 7KCHO on apoptosis in MC3T3-E1 cells with or without NAC {#s0065}
------------------------------------------------------------------------

Analysis of DNA fragmentation using propidium iodide fluorescence was conducted to evaluate the apoptosis-inducing effect of 7KCHO in MC3T3-E1 cells pre-incubated with or without NAC. The addition of 7KCHO (50 μM) significantly increased apoptotic rate ([Fig. 3](#f0015){ref-type="fig"}C). Pre-incubation of cells with NAC (5.0 mM) significantly suppressed the apoptotic rate upregulated by 7KCHO ([Fig. 3](#f0015){ref-type="fig"}D).

3.5. Effects of 7KCHO on CHOP and GRP78 mRNA expression in MC3T3-E1 cells with or without NAC {#s0070}
---------------------------------------------------------------------------------------------

Reverse transcription PCR analysis showed that CHOP and GRP78 mRNA expression in MC3T3-E1 cells was significantly enhanced by 7KCHO (25 μM) ([Fig. 4](#f0020){ref-type="fig"}A and B). Pre-incubation of the cells with NAC (5.0 mM) suppressed the 7KCHO-upregulated CHOP mRNA expression but not 7KCHO-upregulated GRP78 mRNA expression ([Fig. 4](#f0020){ref-type="fig"}C and D).

4. Discussion {#s0075}
=============

Previous studies have shown the relationship of T2DM with increased risk for bone fractures. However, the effect of oxysterol, the key mediator involved in the pathophysiology of T2DM, on bone metabolism is not fully understood. In this study, 7KCHO decreased cell viability, increased ROS production and apoptotic rate, and upregulated caspase-3/7 activity in MC3T3-E1 cells. Furthermore, these effects of 7KCHO were abolished by pre-incubation of the cells with NAC. The present report is the first to demonstrate the effects of 7KCHO on MC3T3-E1 cells.

First we measured the effects of 7KCHO on MC3T3-E1 cells. 7KCHO reduced the viability of MC3T3-E1 cells probably by increasing apoptosis through increased ROS generation and upregulation of caspase-3/7-dependent pathway. These effects were inhibited by in the presence of the ROS inhibitor NAC. Ding et al. [@bb0100] also measured oxidative stress-induced ROS levels in MC3T3-E1 cells. They used hydrogen peroxide (H~2~O~2~) to induce oxidative stress, and reported that apoptosis was induced by manipulating ROS elevation through exposure of MC3T3-E1 cells to hydrogen peroxide H~2~O~2~. ROS is generated in cells when challenged with various stresses, and ROS production is a common phenomenon of cellular metabolism [@bb0105]. However, abnormal ROS production leading to oxidative stress has been recognized as a major initiating factor for osteoporosis [@bb0110], [@bb0115], [@bb0120]. A previous study showed that reduced bone formation was commonly associated with increased oxidative stress in aged male and female mice [@bb0125]. An in vitro study even suggested that ROS reduces bone formation via inhibition of proliferation and calcification processes of osteoblastic cells [@bb0130].

ROS was an important component of the events leading to protein misfolding in the ER and ER stress [@bb0135]. For this reason, we next measured ER stress markers. In this study, 7KCHO increased the production of two ER stress markers; CHOP and GRP78. Increased production of CHOP induced by 7KCHO was suppressed by pre-incubation of the cells with NAC (5.0 mM). On the other hand, pre-incubation with NAC (5.0 mM) tended to suppress 7KCHO-induced increase in GRP78 production, but the difference was not significant. Huang et al. [@bb0140] reported that 7KCHO-induced inflammation was mediated mostly through the TLR4 receptor with some cross-activation of EGFR-related pathways both in vitro and in vivo, and also appeared to involve a robust ER stress response. They also suggested that nuclear factor-kappa B (NF-κB) partially mediated these responses since its inhibition attenuated the induction of CHOP and GRP78. As CHOP is well-known to be involved in ER stress-induced apoptosis [@bb0145], the ER stress response may be an indicator of 7KCHO-induced MC3T3-E1 cell apoptosis. On the other hand, GRP78 upregulation is believed to increase the capacity to buffer stress insults generated by the ER. Furthermore, due to its anti-apoptotic property, expression of GRP78 represents an important pro-survival response. GRP78 is one of the most important ER molecular chaperones. It is induced in response to ER stress and serves to refold misfolded or incompletely assembled proteins [@bb0150], [@bb0155]. Also GRP78 is known to inhibit caspase-mediated cell death by forming complexes with procaspase-7 and procaspase-12. The expression of GRP78 protects against various types of cell death induced by ER stress. If induction of GRP78 fails, cells enter ER stress-induced apoptosis [@bb0160], [@bb0165], [@bb0170]. These results suggest that 7KCHO induces apoptosis of MC3T3-E1 cells through ROS-dependent activation of CHOP, and GRP78 may increase to counteract excessive induction of CHOP. Guo et al. [@bb0175] also reported that both CHOP and GRP78 increased by thapsigargin, an inhibitor of Ca^2 +^ ATPase in the ER, causing osteoblasts ER stress.

However, our study has limitations. Firstly, the growth medium contained normal glucose level. Secondly, we could not demonstrate statistically significant data at the concentration equivalent to human serum 7KCHO, and we had no choice but to adapt data of 25 and 50 μM. Further study is required to examine ROS and apoptosis under hyperglycemic condition, and also required to examine under the lower concentration of 7KCHO.

In conclusion, we demonstrated in vitro that 7KCHO induced apoptosis of MC3T3-E1 cells associated with increased ROS generation and ER stress and upregulated caspase-3/7 activity. These effects of 7KCHO were inhibited by the ROS inhibitor NAC. These findings may provide new insight into the relationship between oxysterol and pathophysiology of osteoporosis seen in T2DM.
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![Effect of 7-ketocholesterol (7KCHO) on viability of MC3T3-E1 cells. MC3T3-E1 cells were seeded in 24-well plates (1.0 × 10^4^ cells per well) and cultured until reaching 90--95% confluence. 7KCHO at indicated concentrations were added. Cell viability was assayed using a WST-8 cell counting kit at 24 h after addition of 7KCHO. Data are presented as mean ± SD from three independent experiments. \**p* \< 0.05, \*\**p* \< 0.01; one-way ANOVA followed by Bonferroni multiple comparison test.](gr1){#f0005}

![Effect of 7-ketocholesterol (7KCHO) on production of reactive oxygen species (ROS) in MC3T3-E1 cells, with or without *N*-acetylcysteine (NAC).\
(A and B) MC3T3-E1 cells were seeded in 6-well plates (1.0 × 10^4^ cells per well) and cultured until reaching 90--95% confluence. The cells were pre-incubated with or without NAC for 24 h, and 7KCHO at indicated concentrations was added. ROS production was analyzed using 2′,7′-dichorodihydrofluorescein diacetate followed by flow cytometry. Changes in ROS are shown in FL1 histograms.](gr2){#f0010}

![Effects of 7-ketocholesterol (7KCHO) on caspase-3/7 activity and quantitative analysis of apoptosis in MC3T3-E1 cells, with or without *N*-acetylcysteine (NAC).\
(A and B) Caspase-3/7 activity was assayed by luminescent assay. MC3T3-E1 cells were seeded into 96-well plates (1.0 × 10^4^ cells per well), and cultured until reaching 90--95% confluence. The cells were pre-incubated with or without NAC (2.5 or 5.0 mM) for 24 h, and 7KCHO at indicated concentrations were added. Luciferase activity was measured according to the protocol from Promega. (C and D) MC3T3-E1 cells were seeded into 6-well plates (1.0 × 10^4^ cells per well), and cultured until reaching 90--95% confluence. The cells were pre-incubated with or without NAC (2.5 or 5.0 mM) for 24 h, and 7KCHO at indicated concentrations were added. Cells were stained with 0.05% propidium iodide after cell lysis and analyzed by flow cytometry. Apoptotic rate is the percentage of nuclei in the sub-G1 population representing DNA fragmentation as shown in FL2 histograms. Data are presented as mean ± SD from three independent experiments. \**p* \< 0.05, \*\**p* \< 0.01; one-way ANOVA followed by Bonferroni multiple comparison test.](gr3){#f0015}

![Effects of 7-ketocholesterol (7KCHO) on CHOP and GRP78 mRNA expression in MC3T3-E1 cells, with or without *N*-acetylcysteine (NAC).\
MC3T3-E1 cells were seeded into 6-well plates (1.0 × 10^4^ cells per well), and cultured until reaching 90--95% confluence. The cells were pre-incubated with or without NAC (5.0 mM) for 24 h, and 7KCHO at indicated concentrations was added. CHOP and GRP78 expression was determined by reverse transcription PCR. (A and C) Production of CHOP in the presence of 7KCHO with or without NAC. (B and D) Production of GRP in the presence of 7KCHO with or without NAC. Data are presented as mean ± SD from three independent experiments. †*p* \< 0.05, ‡*p* \< 0.01; Student\'s *t*-test. \**p* \< 0.05, \*\**p* \< 0.01; one-way ANOVA followed by Bonferroni multiple comparison test.](gr4){#f0020}
